We studied the geochemical features and compound-specific (CS)-d 13
Introduction
The Antarctic terrestrial environment is extremely harsh for biological activity, and hence vascular plants only occur in the northern part of the Antarctic Peninsula (Greene et al., 1967) . Cryptogamic organisms, such as mosses, lichens, algae, cyanobacteria and/or protozoa are however present in most ice-free areas of Antarctica. The McMurdo Dry Valleys in Antarctica are the largest ice-free area extending to 4000 km 2 (e.g., Torii and Yamagata, 1981) , and are regarded as one the harshest terrestrial habitats for organisms on Earth because of the extremely cold and dry conditions measured there. Although there is a scarcity of conspicuous primary produces in these extreme environments, heterotrophic micro-organisms and invertebrates are present in the valleys Barrett et al., 2009 ). Nevertheless, total organic carbon (TOC) contents in soil samples examined from Wright and Taylor Valleys in the McMurdo Dry Valleys are extremely low as a result of the extremely harsh environment for biological activity (Matsumoto et al., 1979; Barrett et al., 2004 Barrett et al., , 2009 Elberling et al., 2006; Hopkins et al., 2009) .
Various kinds of biomarkers, namely, hydrocarbons (n-alkanes, n-alkenes, triterpanes and steranes), fatty acids (n-alkanoic acids, branched acids) and hydroxyl acids (2-, 3-and u-hydroxy acids) have been reported for soil samples in the McMurdo Dry Valleys (Matsumoto et al., 1981 (Matsumoto et al., , 1988 (Matsumoto et al., , 1990a Matsumoto, 2008) . ) n-alkanes and n-alkenes with the predominance odd-numbers are the major hydrocarbons in most soil samples (Matsumoto et al., 1990a) . Also, long-chain n-alkanoic acids extending n-C 40 with the predominance of even-carbon numbers are the major fatty acids in soil samples (Matsumoto et al., 1981 (Matsumoto et al., , 1990b . The occurrence of matured isomers of triterpanes and steranes, the paucity of n-alkenoic acids and visual kerogen results suggest strongly that organic components in soil samples are derived from the biological debris containing vascular plant debris in the preand inter-glacial periods in Antarctica as well as wind transported cyanobacterial mats from the lakes and ponds in the past, rather than living organisms and from Beacon Supergroup sedimentary rocks (Matsumoto et al., 1990a,b) . No one has reported compoundspecific (CS)-d 13 C of biomarkers in Antarctica. Here we first report CS-d 13 C of hydrocarbons and fatty acids in soil samples from the McMurdo Dry Valleys in the Antarctic to elucidate their source organisms and the characteristics of their environments.
Materials and methods

Sampling sites and samples
The McMurdo Dry Valleys in southern Victoria Land in Antarctica are dominated by Wright, Taylor and Victoria Valleys (Fig. 1) . The valley floors have no ice cover throughout the year, and mainly consist of moraine and fluvioglacial deposits comprising of various sizes of rocks deposited through the Quaternary and Holocene (McKelvey and Webb, 1962) . Mean annual air temperatures range from À18 C in coastal zones to À24 C in high elevation regions (Aislabie et al., 2006; Barrett et al., 2009) . Arid soils underlain by dry permafrost are the most extensive landform of the dry valleys occupying 61% of glacier ice-free surfaces below 1000 m elevation (Barrett et al., 2009) .
To obtain more detailed information on lipid biomarkers in soil samples in the McMurdo Dry Valleys, we selected soil samples from our sample collections at Otsuma Women's University taken at the South Fork of Wright Valley on January 11, 1982. These samples we selected as they were anticipated to may contain similar biomarkers to these found in previous studies which would be suitable for the study of the CSd 13 C of hydrocarbons and fatty acids. Soil samples (0e10 cm) were taken from the flat basin (77  34S,  161 18 0 E., ca. 250 m above sea level) in the center of the valley depression in the South Fork (Fig. 1 , Photo 1) of Wright Valley in the McMurdo Dry Valleys. SF0eSF10 samples were taken in the narrow parts of the valleys within 100 m of each other. Soil samples (fine sand, silt and/or clay) were taken using stainless steel scoop and wrapped with pre-cleaned Teflon sheets to avoid contamination and packed in polyethylene bags. Soil samples were air-transported with dry ice and kept frozen at À30
C until analyses at the National Institute of Polar Research (Japan), The University of Tokyo and now at Otsuma Women's University.
Analytical methods
TOC and TN
TOC and total nitrogen (TN) contents were determined by Fisons NCS 2500 automatic elemental analyzer, after treatment with hydrochloric acid to remove carbonate carbon (Matsumoto et al., 2003) . The analytical uncertainty was within AE5%.
Hydrocarbon and fatty acid composition
The extraction methods for the organic compounds are given elsewhere (Matsumoto et al., 1979 (Matsumoto et al., , 2003 . In short, organic components in soil samples (ca. 40 g) were extracted with ethyl acetate after saponification with 0.5 mol/L potassium hydroxide/methanol-water (80 C, 2 h). The ethyl acetate extracts were separated by chromatography on a silica gel column (160 mm Â 6 mm i.d., 100 mesh, 5% water). Hydrocarbon and fatty acid fractions were obtained by elution with hexane and ethyl acetate, respectively.
A half volume of the fatty acidesterol fraction was trimethylsilylated (TMS) with 25% N,O-bis (trimethyl silyl) acetamide .
Hydrocarbons and fatty acid TMS derivatives were analyzed by a JEOL JMS K9 gas chromatographemass spectrometer (GCeMS) equipped with a fused-silica capillary column (J&W Scientific DB5, 30 m Â 0.25 mm i.d., film thickness 0.1 mm). Splitless mode was employed. Column oven temperature was programmed from 70 to 120 C at 30 C/min, and from 120 to 320 C at 8 C/min and kept at 320 C for 3.4 min. The flow rate of the helium carrier gas was 1.2 mL/min. The temperatures of the injector, interface and ion source were maintained at 280, 300 and 250 C, respectively. Ionization energy, filament current and detector voltage were 70 eV, 200 mA and À1000 V, respectively. The analytical uncertainty was within AE10%.
Compound-specific d
13 C of hydrocarbons and fatty acids A portion of the fatty acid fraction was used with batch thermochemolysis in the presence of TMAH (tetramethylammonium hydroxide) to form methyl ester derivatives (similar to McKinney et al., 1996) . Briefly, the dried fatty acid fraction was placed in an ampoule and 25% TMAH methanol solution and an internal standard (n-C 19 alkanoic acid) were added. After the methanol was evaporated under a nitrogen stream to dryness, the ampoule vacuum-encapsulated was set in an electric oven and heated at 300 C for 30 min. The reacted product was extracted with ethyl acetate.
CS-d
13
C of hydrocarbons and fatty acids was determined using a Thermo Scientific Delta V Advantage interfaced with a Thermo Scientific Trace GC ULTRAvia a combustion furnace. Combustion was performed in a microvolume ceramic tube with CuO/NiO/Pt wires at 1000 C (similar to Hayes et al., 1990) . The GC column used was J&W Scientific HP-5MS (30 m length, 0.25 mm i.d., 0.25 mm film thickness) fused-silica capillary column and the column temperatures were programmed from 60 C isothermal for 2 min at 6 C/min to 310 C and then held isothermal for 20 min. Co-injected n-alkanes, whose isotopic compositions were determined independently, were used for the d 
Results and discussion
TOC and TN
TOC and TN contents in soil samples from the South Fork in Wright Valley in the McMurdo Dry Valleys ranged from 0.0058 to 0.0806% and 0.000 to 0.020%, respectively (Table 1) . These values are extremely low and similar to those of previous results (Matsumoto et al., 1979; Barrett et al., 2004 Barrett et al., , 2009 Elberling et al., 2006; Hopkins et al., 2009) . TOC contents reflect extremely harsh environments limiting biological activity. TOC/TN weight ratios in soil samples varied widely ranging from 1.3 to 9.6 (Table 1 ). The extremely low value of 1.3 may be due to large contribution of inorganic nitrogen such as nitrate in the McMurdo Dry Valleys (Torii and Yamagata, 1981; Wada et al., 1981; Burkins et al., 2000; Elberling et al., 2006; Hopkins et al., 2009 ).
Geochemical features of hydrocarbons and fatty acids
A suite of n-alkanes ranging in carbon chain length from n-C 15 to n-C 37 was found in the SF0a soil sample from the South Fork of Wright Valley with a predominance of odd-carbon numbers maximizing at n-C 23 , together with alkenes [C 23:1 (carbon chain length: number of unsaturation)eC 27:1 , Fig. 2 ]. Major hydrocarbons (>10%) in soil samples were n-C 23 , n-C 25 and/or n-C 27 alkanes as in the case of previous studies (Table 2, Matsumoto et al., 1990a,b) . Normal-alkenes were found in the SF0a, SF3 and SF9 samples with a predominance of odd-carbon numbers with relatively small percentages (0.0e14.4%) in total hydrocarbons (Table 2) . Long-chain n-alkanes are major components of hydrocarbons (76.9e89.2%) in all the samples studied (Table 2) . Normal-long (n-C 20 to n-C 38 )/ short (n-C 15 to n-C 19 ) chain-alkane ratios were considerably high ranging from 6.6 to 10.7. Carbon preference indices (CPI H ) for n-alkanes were relatively low (2.0e2.6, Table 2 ) compared with recent sediments.
A series of n-alkanoic acids ranging in carbon chain length from n-C 10 to n-C 30 maximizing at n-C 24 were detected in soil sample SF0a from the South Fork in Wright Valley with a predominance of even-carbon numbers, along with n-alkenoic (C 16:1 and C 18:1 ) and branched (iso and anteiso) acids (Fig. 3) . The major fatty acids were n-C 12 , n-C 24 , n-C 26 and/or n-C 28 alkanoic acids (Table 3) as in the case of the previous studies, except for n-C 12 alkanoic acid (Matsumoto et al., 1981 (Matsumoto et al., , 1990b . As the predominance of n-C 12 alkanoic acid in natural environments as well as living organisms is not known, further studies are required for its source materials. Alkenoic acids were very small (0.40e4.2%). Branched acids were found in all the samples, but their percentages were small (1.5e5.3%, Table 3 ). Long-chain n-alkanoic acids are major components of fatty acids (50.5e74.0%) and were present in all the samples studied (Table 3) . Normal-long (n-C 20 to n-C 30 )/short (n-C 10 to n-C 19 ) chain-alkanoic acid ratios were considerably high ranging from 1.2 to 3.1 (Table 3) . Carbon preference indices for n-alkanoic acids (CPI F ) were relatively low (1.5e2.1) as in the case of previous studies (Matsumoto et al., 1990b) .
Compound-specific d
13 C values of hydrocarbons and fatty acids CS-d 13 C of n-alkanes was determined for two samples (SF0a, SF9), but could not be determined for SF3 and SF8 samples because of too low concentrations. The CS-d 13 C of n-alkanes in soil sample SF0a ranged À30.4 to À27.1& with the maximum value at n-C 26 alkane þ alkene and minimum value at n-C 28 alkane (Fig. 4) , although n-C 23 to n-C 27 alkanes were a mixture of mono-alkenes as shown in Table 2 . Similar results for the CS-d 13 C of n-alkanes were obtained in SF9 sample, except for n-C 17 alkane which has a lower value (À30.7&). CS-d
13 C values of n-alkanoic acids in soil sample SF0a have a wide range variation ranging from À31.8 to À23.9& with the maximum value at n-C 16 alkanoic acid and the minimum value at n-C 23 alkanoic acid (Fig. 5) . CS-d
13 C values of short-chain n-alkanoic acids (n-C 14 to n-C 18 ) were much higher than those of long-chain n-alkanoic acids (n-C 20 to n-C 30 ). Similar CS-d 13 C results of n-alkanoic acids were obtained for SF3, SF8 and SF9 soil samples (Fig. 5) . The patterns of CS-d
13 C values of n-alkanes and n-alkanoic acids were somewhat different between samples, implying that these compounds comprise a mixture of different organic sources.
Sources of hydrocarbons and fatty acids
Soil organic matter in the McMurdo Dry Valleys is derived from multiple sources, namely, marine, lacustrine and endolithic sources. Modern distribution patterns of low-elevation soil organic matter in the valleys are strongly influenced by the climatic history of the region, corresponding to the spatial distribution of ancient glacial tills and lacustrine systems, such as ancient lake deposits (legacies) along the valley floor. Also, soils at many higher elevation sites include organic matter derived from autotrophs such as those currently inhabiting nearby cryptoendolithic microbial communities including lichens. This suggests that similar autotrophic activity may be occurring in these soils and that long-term primary productivity in the valley soils contributes to the accumulation of organic matter (Burkins et al., 2000; Hopkins et al., 2006 Hopkins et al., , 2009 Barrett et al., 2009 ). In addition, another potential source of organic components in soils is vascular plant debris derived from the pre-and inter-glacial periods including the Beacon Supergroup sedimentary rocks in the McMurdo Dry Valleys and adjacent regions (Matsumoto et al., 1990a,b) .
Short-chain n-alkanes, alkenes and n-alkanoic acids are widely distributed in algae and cyanobacteria. Long-chain n-alkanes having a predominance of oddcarbon numbers (high CPI H values) are usually believed to be derived from the waxes of vascular plants, while those having near unity values of odd/ even ratios (low CPI H values) are thought to be derived from bacterial lipids, eroded materials from sedimentary rocks, or petroleum and their products. Long-chain n-alkanoic acids with high CPI F values in environmental samples are derived from vascular plants, whereas those of near unity CPI F values are originated from eroded materials from sedimentary rocks (e.g., Matsumoto et al., 1990b Matsumoto et al., , 2004 .
The hydrocarbon compositions of Antarctic mosses (Pottia heimii, Sarconeurum glaciale, Bryum pseudotriquetrum) are considerably different from those of soil samples (Matsumoto and Kanda, 1985) . The d 13 C values of organic carbon of mosses (À27 to À25&, Hopkins et al., 2009 ) are similar to the CS-d
13 C values of n-alkanes and n-alkanoic acids (Figs. 4 and 5) , although no terrestrial moss communities are visibly present in Wright Valleys. Mosses are, thus, unlikely sources of the long-chain compounds in soils. However, long-chain n-alkanes (n-C 20 to n-C 36 ) and n-alkanoic acids (n-C 20 to n-C 32 ) have been found in endolithic microbial communities in the Beacon Supergroup sandstone from the Linnaeus Terrace, Mount Fleming and Battleship Promontory in the McMurdo Dry Valleys, together with often long-chain anteiso-alkanes (a-C 20 to a-C 30 ) and anteiso-alkanoic acids (a-C 20 to a-C 30 , Matsumoto et al., , 2004 . Some lichen dominated community does, however, not contain anteiso-components. The d
13 C values of endolith-derived organic matter (À31 to À22&, Hopkins et al., 2009 ) are similar to those CS-d 13 C values of n-alkanes and n-alkanoic acids (Figs. 4 and  5) . It is therefore most likely that such lichens are important sources of the long-chain n-alkanes and n-alkanoic acids found in soil samples.
Long-chain n-alkanes and n-alkanoic acids with small CPI H and CPI F values are likely to originate from lichens and/or vascular plants debris in ancient materials, such as biological activity in the pre-and inter-glacial periods. The paucity of n-alkenoic acids supports the interpretation that fatty acids are mainly derived from residual organic matter rather than living organisms, because nalkenoic acids are degraded faster than n-alkanoic acids (Matsumoto et al., 2004) . Although mean residence times of soil organic carbon in the dry valleys were estimated to be 10e123 years Elberling et al., 2006; Hopkins et al., 2009) , the occurrence of triterpanes and steranes with various degrees of maturation and coals in soil samples showed, however, that a part of the organic matter present is derived from ancient vascular plant debris (Matsumoto et al., 1990b) .
The occurrence of long-chain n-alkenes in soil samples is very unusual (Table 2 ), but they have also been found as the major hydrocarbons in other soil samples from the McMurdo Dry Valleys (Matsumoto et al., 1990a) . Long-chain n-alkenes with odd-carbon preferences are probably derived from various cyanobacteria and microalgae which lived in the past but not the present (Matsumoto et al., 1990a) . Branched (iso and anteiso) alkanoic acids are widely distributed in bacteria (O'Leary, 1982) including psychrophilic bacteria isolated from cyanobacterial mats in the McMurdo Dry Valleys, Antarctica (Reddy et al., 2000 (Reddy et al., , 2003a .
CS-d 13 C values of organic compounds are useful for the study of sources of organic matter in geological and environmental samples. CS-d
13 C values of n-alkanes and n-alkanoic acids of C 3 plants are much lower than those of C 4 plants. CS-d 13 C values of CAM plants are in the middle ranges between C 3 and C 4 plants (Collister et al., 1994; Chikaraishi and Naraoka, 2007; Chikaraishi and Oba, 2008) . In addition, CS-d 13 C values of n-alkanes and n-alkanoic acids of angiosperms are somewhat lower than those of gymnosperms (Collister et al., 1994; Naraoka, 2004) . CSd
13 C values of long-chain n-alkanes (À30.4 to À26&, Fig. 4 ) in soil samples are similar to those of vascular plants mainly of gymnosperms (À34 to À30&) rather than angiosperms (À39 to À32&, Collister et al., 1994; Lockheart et al., 1997; Naraoka, 2004) .
CS-d
13 C values of long-chain n-alkanoic acids (À30.4 to À26&, Fig. 5 ) in the South Fork soil samples are consistent again with those of gymnosperms (À33 to À29&) and much higher than angiosperms (À40 to À34&, Collister et al., 1994; Naraoka, 2004) . In contrast, CS-CS-d
13 C values of short-chain (n-C 14 to n-C 18 ) n-alkanoic acids (À27.7 to À21.7&, Fig. 5 ) in the soil samples were considerably higher than those of long-chain ones (Fig. 5) . These shortchain n-alkanoic acids may be derived from other sources, such as microalgae and cyanobacteria. Indeed, d
13 C values of organic carbon in Lake Hoare and Lake Chad mats (À19.9 to À27.7&, Burkins et al., 2000) , cyanobacteria and algae (approximately À10&, Hopkins et al., 2009 ) are close to our CS-d 13 C of shortchain n-alkanoic acids, although generally d
13 C values of lipid molecules are generally somewhat lower than those of whole organisms (e.g., Naraoka, 2004) .
It is possible that gymnosperms were the dominant plants in the McMurdo Dry Valley region in the Cretaceous and Cenozoic periods. CS-d
13 C values of longchain n-alkanes and n-alkanoic acids in the soil samples can be, however, explained by the mixture of C 3 and C 4 plants. Makou et al. (2007) reported that C 3 vegetation predominated during the wet and warm Bølling/Allerød and Preboreal periods, while C 4 plants are more proliferated during cooler and arid periods, such as the glacial and Younger Dryas in Cariaco Basin sediments. In the cold and dry environments of the McMurdo Dry Valleys, it is very likely that C 4 plants contributed to n-alkanes and n-alkanoic acids found in soil samples in the past. d
13 C values of organic carbon in soils from Wright and Taylor Valleys ranged from À27 to À24&, and from À32 to À28&, respectively (Hopkins et al., 2009 ). These d
13 C values are similar to those of vascular plants (À37 to À21&, Deins, 1980; Yoshioka, 2006) . This is consistent with ancient vascular plant debris contributing to the McMurdo Dry Valleys soils.
As discussed elsewhere, no atmospheric fallout derived from mid and lower latitudes, and the Beacon Supergroup of Gondwanaland sediments (Barrett and Kyle, 1975; Barrett, 1991) are major sources of longchain n-alkanes and n-alkanoic acids in soil samples from the McMurdo Dry Valleys (Matsumoto et al., 1900a,b) . Several drilling projects (CIROS, CRP and ANDRILL, etc.) in the McMurdo Sound region have shown paleoclimatic change, tectonic and glacial history of over the last 34 million years along the Victoria Land margin (e.g, Barrett et al., 1989; Thorn, 2001; Prebble et al., 2006; Warny et al., 2009) . They showed the occurrence of woody vegetation, including Nothofagus and Libocedrus with local areas of glass in , n-C 24 , n-C 25 , n-C 26 and n-C 27 hydrocarbons are mixture of n-alkanes and n-alkenes as shown in Table 2 . Error bars show the standard deviation of three replicate analyses. plant debris are probably distributed in the valley depressions as moraine (Matsumoto et al., 1990a) . CSd
13 C values of n-alkanes and n-alkanoic acids suggest that they are derived from gymnosperms and/or C 4 plants in the cold and dry environments of the pre-and inter-glacial periods of the McMurdo Dry Valleys and adjacent regions. No data are, however, available on CS-d 13 C of biomarkers of major organisms, such as lichens, cyanobacteria and algae in Antarctica. Further studies on CS-d 13 C of biomarkers including hydrocarbons and fatty acids in these communities will be required to elucidate sources of organic matter in the McMurdo Dry Valleys.
Conclusions
Geochemical features and CS-d 13 C of hydrocarbons and fatty acids in soil samples from the McMurdo Dry Valleys of southern Victoria Land, Antarctica were studied to elucidate their source organisms and characteristics of their environments. The results are summarized as follows. 1) TOC and TN contents in soil samples are extremely low reflecting extremely harsh environments for organisms. 2) Normal-alkanes ranging carbon-chain length of n-C 14 to n-C 38 with the predominance of long-chain components with low CPI H values are found in soil samples, along with n-alkenes (n-C 23:1 to n-C 27:1 ). 3) Normal-alkanoic acids ranging carbon-chain length of n-C 10 to n-C 30 with the predominance of long-chain components with relatively low CPI F values, together with small amounts of branched (iso and anteiso) and n-alkenoic acids are present. 4) Gechemical features of long-chain n-alkanes and nalkanoic acids suggest that they originate from lichens and/or vascular plant debris in the pre-and interglacial periods of the McMurdo Dry Valley region, whereas short-chain n-alkanoic acids are come from microalgae and cyanobacterial debris in the past. 5) CS-d
13 C values of n-alkanes and n-alkanoic acids suggest that they are derived from gymnosperms and/or C 4 plants in the cold and dry environments in the pre-and inter-glacial periods of the McMurdo Dry Valleys region.
